The cosmological model consisting of a nonlinear magnetic field obeying the Lagrangian L = γF α , F being the electromagnetic invariant, coupled to a Robertson-Walker geometry is tested with observational data of Type Ia Supernovae, Long Gamma-Ray Bursts and Hubble parameter measurements. The statistical analysis show that the inclusion of nonlinear electromagnetic matter is enough to produce the observed accelerated expansion, with not need of including a dark energy component. The electromagnetic matter with abundance ΩB, gives as best fit from the combination of all observational data sets ΩB = 0.562 
I. INTRODUCTION
According to Einstein's equations and assuming a Robertson-Walker (RW) geometry, the currently inferred accelerated expansion of the universe is attributed to a kind of repulsive gravity that makes fall apart spacetime. Such expansion is possible if the dominant component of the universe, the so called dark energy (DE), acts with a negative pressure that overcomes the attractive effect of ordinary matter; its corresponding energy density ρ and pressure p should be such that ρ + 3p < 0, in order to produce the mentioned acceleration.
It has been shown that the effect of coupling nonlinear electrodynamics to gravity produces negative pressures that in turn accelerate the expansion [1] [2] [3] [4] . In [5] cosmological models involving homogeneous and isotropic Yang-Mills fields were proposed as an alternative to scalar models of cosmic acceleration; while in [6] a quantum condensate is considered as driven the accelerated expansion. In [7] it is shown that a vector-tensor theory consisting of gauge fields coupled to gravity could be the origin of the accelerated expansion of the Universe. In [8] it is pointed out that an effective cosmological constant may arise from an electromagnetic mode or degree of freedom, considering that the electromagnetic field contains an additional (scalar) polarization, such that quantum fluctuations of the energy density get frozen on cosmological scales giving rise to an effective cosmological constant. In [9] a timelike electromagnetic field on cosmological scales generates an effective cosmological constant; this field could be originated in primordial electromagnetic quantum fluctuations producing during the inflationary epoch. These models open the possibility that DE originates in properties of ponderable fields and matter.
Unlike early universes where high energies justify the appearance of nonlinear electromagnetic effects, in late epochs, the reason to invoke nonlinear electromagnetic behaviour may be different: it can be implemented as a phenomenological approach [10] , in which the cosmic substratum is modeled as a material media with electric permeability and magnetic susceptibility that depend in nonlinear way on the fields [11] . Another argument relies in the view that General Relativity is a low energy quantum effective field theory of gravity, provided that the Einstein-Hilbert classical action is augmented by the additional terms required by the trace anomaly characteristic of nonlinear electrodynamics [12] .
Assuming that the cosmological background affects the transmission of light signals, there is another approach that considers nonlinear behaviour in the propagation of light, similar to light traveling in non vacuum spacetime [13] . This approach has its basis in the fact that the nonlinear electromagnetic Born-Infeld equations are of the same form than Maxwell's for a material media with the difference that the electric permeability and magnetic susceptibility are functions of the field strengths [14] .
A technical problem arises in the coupling of an electromagnetic field to an isotropic geometry, as the electromagnetic field defines preferred directions, so an isotropization process of the energy-momentum tensor should be adopted. To this end several proposals have come up: one of them is to take a spatial average in the electromagnetic field, [1-3, 6, 15], Alternatively, it has been considered a vector triplet compatible with space homogeneity and isotropy of RW [16] . This is a set of three equal length vectors that point in three mutually orthogonal spatial directions. While the triad guarantees the isotropy of the background, it does not automatically imply the isotropy of its perturbations that are necessary to model some observed anomalies in the CMB radiation. In fact the cosmic triad can be realized with a classical SU(2) vector field configuration [5, 16] .
The purpose of this work is to investigate to what extent nonlinear magnetic matter can be considered as source of the present cosmic acceleration as an alternative to the DE component. We shall consider a phenomenological model with a nonlinear magnetic field, proposed in [2], associated to the nonlinear Lagrangian L = γF α , where γ and α are two constants to be adjusted from observations. We perform a χ 2 statistical analysis by using a Markov Chain Monte Carlo (MCMC) code; we probe the model with Type Ia Supernovae (SNe Ia), Long Gamma-Ray Bursts (LGRBs) and observational Hubble data (OHD). We analyze three cases, namely, α = −1, α = −1/4 and α = −1/8. We could possibly think of considering a time dependent α, which in turn, would lead to a time dependent equation of state (EoS) parameter, w(z), however, a constant w has the great advantage of simplicity and that is why we performed the analysis with fixed α. In all cases, we obtain good best fits without introducing the DE component. The paper is organized as follows. In Section 2 we address the coupling of nonlinear electrodynamics (NLED) to a RW geometry. In Section 3, theoretical details of the nonlinear magnetic universe are given. In Section 4 the observational data samples and the statistical method used are presented. In Section 5 the obtained constraints and best fits are discussed, and finally the last section is for concluding remarks.
II. COUPLING NONLINEAR ELECTRODYNAMICS TO RW
The four-dimensional Einstein-Hilbert action of gravity coupled to NLED is given by
where R is the Ricci scalar and L(F, G) is the electromagnetic Lagrangian that depends on the electromagnetic invariants
where µνρσ is the Levi-Civita symbol; E and B are the electric field and magnetic induction, respectively.
As we mentioned before, several mechanisms to isotropize the electromagnetic energy-momentum tensor have been proposed so far. Despite its intrinsical anisotropic evolution, in [17] it has been shown that the average energy-momentum tensor associated to rapid evolving vector field is isotropic under very general and natural conditions. As it is not clear if this criteria would apply also for nonlinear electromagnetic fields, we shall assume the spatial average proposed by Tolman and Ehrenfest (1933) [15] . The resulting isotropic energymomentum tensor, with energy density ρ = T 0 0 and pressure p = −T i i /3, i = 1, 2, 3, is given by
where L X = dL/dX. In this work we shall consider a Lagrangian consisting of the Maxwell term and the nonlinear term,
Since we are interested in the late epoch of the Universe and in reproducing the observed accelerated expansion with the nonlinear term, in the forthcoming analysis we shall neglect the linear term; as it is related to the CMB radiation, whose order of magnitude is Ω rad = 2.47 × 10 −5 h −2 , smaller than the dark energy density by far. We shall address the cases α = −1, α = −1/4 and α = −1/8 successively.
III. NONLINEAR MAGNETIC UNIVERSE
The scenario in which E 2 = 0, called magnetic universe, is the relevant one in cosmology [2, 18, 19] . Cosmological magnetic universes have been explored before, for instance in [20] a cyclic magnetic cosmological toy model was introduced; from this model arose a complete cyclic scenario consisting of five noninteracting perfect fluids that evolve independently and whose parameters were adjusted using SNe Ia and CMB in [10] . The one regarding the accelerated expansion arises from a term in the Lagrangian of the form L(F ) ∝ −µ 2 F −1 ; since a bouncing is a possibility in this model, it was not considered that Ω i = 1. A similar nonlinear magnetic scenario was considered in higher dimensions in [21] and some parameters were constrained.
In this paper we study the nonlinear magnetic scenario described by the Lagrangian L = γF α with F = 2B 2 . This Lagrangian resembles several noteworthy (purely magnetic) ones, for instance, Born-Infeld Lagrangian is obtained with α = 1/2; if α = 2, it has the form of the Euler-Heisenberg Lagrangian [22] , the Abelian PagelsTomboulis one [23] is also included. The case α = −1 has been studied previously in [24] , but it has not been observationally tested.
Before procceding to the analysis, a comment on the hyperbolicity of the equations derived from Lagrangians of the kind of Eq. (3) is in order. In [25] , it is shown that for a vector field with an action of the form
where A 2 = A µ A µ , the well-posedness of Chauchy problem breaks down somewhere in the allowed phase space. However in [26] the problem was revisited and it was proved that hyperbolicity violations do not appear around homogeneous field configurations necessarily. The authors considered spatial homogeneous fields A µ (t) in FRW spacetimes and derived hyperbolicity criteria based on the signs of the derivatives of f (F ); a detailed analysis considering the behaviour of B/a is needed in order to apply such criteria; in anycase the authors mentioned that a fine tunning is always possible to obtain well behaved equations.
The energy density and effective pressure, Eq. (2), derived from the nonlinear term in Eq. (3) are
The corresponding field equations are derived from the action, Eq. (1), by performing variations with respect to the metric g µν . For the RW metric with a perfect fluid, the Friedmann equations are
where a is the scale factor, H is the Hubble parameter and the overdot means derivative with respect to the cosmic time t. Here we have set c = 1. From the second Friedmann equation, the condition to produce accelerated expansion is that (ρ + 3p) < 0. For the magnetic universe this condition can be written, using Eq. (5), as
In particular, for the Lagrangian of the form L = γF α , with γ < 0, the accelerated expansion condition is fulfilled if α < 1/2. From the energy conservation law,ρ + 3H(ρ + p) = 0, the scaling between the electromagnetic field and the scale factor, F = (const)a −4 can be derived, see Appendix A for details. Consequently, the magnetic field scales as B ∼ a −2 . Notice that this result does not depend on the particular analytic form of L(F ). On the other side, for the Lagrangian L = γF α knowing that F a 4 = const, it can be shown that La 4α = const and then the equations can be integrated to obtain a(t), see Appendix B.
The energy density for the nonlinear magnetic component is obtained by using B ∼ a −2 , such that
where B 0 is an integration constant, B = B 0 a −2 and γ must be negative in order to have a positive energy density, ρ B > 0.
We will assume a two-component universe made of dust matter, ρ m ∝ a −3 , and the nonlinear magnetic component characterized by ρ B ∝ a −4α with equation of state (EoS) p = wρ B = (4α/3 − 1)ρ B . Note that the ΛCDM model is recovered by taking α = 0, however, since we do not know a priori what is the true value of α, we test for different values of α (see Fig.1 ). Some authors have also suggested a non-constant EoSparameter, derived from a variation of the cosmological constant with an energy scale associated to the renormalization group running; such scale can be identified with the Hubble parameter and the cosmological term could inherit that time-dependence through its primary scale evolution with the renormalization scale parameter. A dynamical EoS for the dark energy implies that the EoSparameter w should be evolving with the redshift, that usually is interpreted as dark energy with a scalar field origin [27] .
The Hubble parameter in terms of the redshift and the fractional energy densities then reads,
with Ω m = ρ 0 m /ρ c,0 and Ω B = −γ2 α B 2α 0 /ρ c,0 . The constant γ should be adjusted in order to have energy density units in the Lagrangian γF α . Note that by taking appropriate values of α, Eq. (9) leads to a phantom DE scenario [28] .
Regarding the kinematical approach, in which the deceleration parameter q is parameterized as a function of the redshift z, it is straightforward to obtain q(z) as function of the free parameters of the model using the EoS, w = 4α/3 − 1, and the Hubble parameter H(z), Eq. (9), as follows:
that explicitly is,
At the present time, z = 0, Eqs. (9) and (11) read
Eq. (12) resembles the standard ΛCDM model, with Ω Λ → Ω B ; moreover, by using this Eq. (12), we can reduce the parameter-dimension of the problem to only two free parameters, namely, Ω m and H 0 , when we use the observational Hubble data as well as for the combination of all observational data sets. In our analysis we shall use the dimensionless Hubble constant h instead H 0 , they are related through H 0 = 100h km s −1 Mpc −1 . Furthermore, Eq. (13) indicates that the acceleration of the universe (i.e. q 0 < 0) in the nonlinear magnetic universe can arise from α fulfilling (dashed line), in which we have assumed Ω m and H 0 from the Planck results [29] .
IV. OBSERVATIONAL DATA SETS AND STATISTICS
A. Type Ia Supernovae (SNe Ia)
To test the nonlinear magnetic scenarios against cosmological observations, we first consider the updated Union2.1 compilation of 580 SNe Ia reported by the Supernova Cosmology Project (SCP) [30] .
The comparison with SNe Ia data is made via the standard χ 2 statistics given by
where C is the covariance matrix and ∆F = F th − F obs is the vector of the differences between the observed and theoretical value of the quantity F. For Union2.1, C captures all identified systematic errors besides to the statistic errors of the SNe Ia data and F corresponds to the distance modulus
where d L (z, θ) is the dimensionless luminosity distance given by
with E(z, θ) = H(z, θ)/H 0 the dimensionless Hubble function, H 0 the Hubble constant and θ the free parameters of the cosmological model. In Eq. (16) µ 0 is a nuisance parameter that depends on both the absolute magnitude of a fiducial SN Ia and the Hubble constant. In this work, we marginalize the χ 2 SN eIa over µ 0 .
B. Observational Hubble Data (OHD)
The observational Hubble parameter (OHD), compared with other observational techniques, provides a direct measurement of the Hubble parameter, and not of its integral, unlike SNeIa or angular/angle-averaged BAO. Thus, this independent dataset can help break the parameter degeneracies and shed light on the cosmological scenarios and in particular, on the nonlinear magnetic scenarios.
In this work, we use 18 data points from differential evolution of passively evolving early-type galaxies in the redshift range 0 < z < 1.75 recently updated in [31] but first reported in [32] .
The best fit values of the model parameters from OHD are determined by minimizing the quantity
where σ 2 H are the measurement variances, and θ corresponds to the free parameters of the cosmological model.
C. Long Gamma-Ray Bursts (LGRBs)
In addition, we use 9 LGRBs with redshift in the range 1.547 ≤ z ≤ 3.57 recently calibrated in Ref. [33] through the Type I Fundamental Plane defined by the correlation between the spectral peak energy E p , the peak luminosity L p , and the luminosity time T L ≡ E iso /L p , where E iso is the isotropic energy. This calibration is one of several proposals to calibrate GRBs in an cosmologyindependent way, required to use them in cosmological tasks. Here, we want to point out that the election of this sample is based on the fact that this compilation leads to stronger constraints due to the control of systematic errors. See Ref. [33] for further details about the calibration. To know more about the state of the art regarding the calibrations performed in an cosmology-independent way see for example Refs. [34] [35] [36] [37] [38] [39] ; to go deeper into the debate about the use of GRBs for cosmological purposes, see Refs. [40] [41] [42] [43] [44] [45] [46] [47] .
The χ 2 function for the GRBs data is defined similarly to the SNe Ia data as
where F corresponds to the distance modulus given by the Eq. (16) . As in the case of the SNe Ia sample, we marginalize the χ 2
LGRBs over µ 0 .
D. Statistical Method
To estimate the cosmological parameters of the nonlinear magnetic scenarios, we use a Markov Chain Monte Carlo (MCMC) code. The MCMC method is an algorithm extensively used to sample the parameter space that allows to obtain narrower constraints on the model parameters with the only complication of approaching correctly the convergence of the chain. In particular, our code addresses this issue following the prescription developed and fully described in [48] . For a further description on MCMC methods see [49] [50] [51] and references therein.
The method is fairly standard. By using our MCMC code, we minimize the χ 2 function thus obtaining the best fit of model parameters from observational data. This minimization is equivalent to maximize the likelihood function L(θ) ∝ exp[−χ 2 (θ)/2] where θ is the vector of model parameters. For the nonlinear magnetic scenarios, θ corresponds to Ω m and h for the case when we use the observational Hubble data (OHD) and when we use the combination of all observational data sets, otherwise, θ corresponds to Ω m . The expression for χ 2 (θ) depends on the dataset used, see Eqs. (15), (18) and (19) .
On the other hand, in order to study the influence of a prior on Ω m , we shall analyze two main cases. In the first one, no prior will be assumed, while in the second we include a Gaussian prior on Ω m from the Planck results, Ω m = 0.315 ± 0.017 [52] . Additionally, when we use observational Hubble data we assume a prior on H 0 = 73.8±2.4 from [53] and for running our MCMCs we adopt the physical controls 0 < Ω m < 1 and 0 < h < 1.
V. RESULTS AND DISCUSSION
The best fits for the parameters Ω m and h for the nonlinear magnetic scenarios with α = −1, α = −1/4 and α = −1/8, as well as the corresponding χ 2 , are shown in Tables I, II and III, respectively.  Table I contains the best fits for Ω m and h for the scenario with α = −1 obtained from OHD, SNe Ia, LGRBs and the Combination of all data sets by assuming a Gaussian prior on Ω m and also, without assuming any prior on Ω m . Table II also contains the same fits but now for the scenario with α = −1/4 and the Table III contains the best fits for the scenario with α = −1/8.
In Table I , II and III can be observed immediately that Ω m is poorly constrained by LGRBs, specially when any prior on Ω m is assumed. For the scenario with α = −1, Ω m is restricted to the interval (0.010, 1.0), for the one with α = −1/4, to the interval (0.158, 0.951) and finally, for the scenario with α = −1/8 to the interval (0.029, 1.0). However, when we assumed a prior on Ω m , good constraints for all the scenarios were obtained. Notice also that in this last case, the presence of a prior on Ω m pushes the nonlinear electromagnetic matter to contribute the total matter content allowing at the same time, a better agreement of Ω m with the reported value Ω m = 0.315 ± 0.017 by [52] . The corresponding 68 % and 95 % likelihood contours from the adjustments by using the combination of all observational data sets are shown in the Ω m -h parameter space in the Figure 2 .
As can be noted from Tables I, II and III, SNe Ia data as well as the combination of all data sets yield tighter confidence regions, which is reflected in smaller errors in the best fits.
On the other hand, if the nonlinear magnetic matter, Ω B , were sufficient to drive the cosmic acceleration, it would be expected that its contribution to the total matter content were significant, around 68%, as Planck results suggest [52] . In order to estimate such contribution, we use the normalization condition, Eq. (12), and the best fits for Ω m . From the combination of all observational data sets, not assuming any prior, Ω B is in the interval 0.524 ≤ Ω B ≤ 0.599 for the scenario with α = −1, in the interval 0.614 ≤ Ω B ≤ 0.694 for the scenario with α = −1/4 and in the interval 0.640 ≤ Ω B ≤ 0.722 for the scenario with α = −1/8; the two latest are in better agreement with the recent results of Planck. Considering ΛCDM model as the most accepted one, the fact that nonlinear electromagnetic matter approaches it via an appropiate value for α, might be an indication of which the origin of Λ is. The analysis for the case α = −1/8, whose results are shown in Table III , confirms that a smaller α renders a better fit. Note that these results, approach much more the results from the ΛCDM scenario than, for example, the ones from the scenario with α = −1.
Regarding the deceleration parameter q(z), the values obtained at z = 0 using the best fits from each observational set, are presented in Table IV . The evolution of the deceleration parameter q with z for the scenarios with α = −1, α = −1/4, and α = −1/8 obtained from the combination of all observational data sets, without assuming any prior on Ω m , can be seen in Figure 3 as well as the deceleration parameter for the ΛCDM model assuming Ω m from [52] . Note from these figures that the nonlinear magnetic scenarios with α = −1/4 and α = −1/8 reproduce well the trend of an accelerated expansion scenario driven by a cosmological constant with a transition occurring around z = 0.5.
Finally, using the estimations for Ω B , we are able to evaluate the current NLED coupling constant γ using Eq. (8) . In [1] the authors assumed that the DE density is Ω de ≈ 0.7 and made an estimation of −γ =hµ 4 ≈ 3.74 × 10 −28 g/cm 3 .
We get an estimation ofhµ 4 using our result for Ω B and considering that B 0 is attached to the cosmic microwave background (CMB) radiation,
The resulting coupling constant γ from Eq. (8) LGRBs 0.314 amounts to
We will take the value of the radiation density Ω rad = 2.47 × 10 −0.065 ) × 10 −1 ρ c,0 , one order of magnitude larger than the one with α = −1. As it is mentioned in [10] , it is still difficult to achieve measurements with that precision at present.
VI. CONCLUSIONS
As a phenomenological approach to describe DE, it is interesting to study nonlinear magnetic scenarios with a Lagrangian of the form L = γF α . We performed the adjustment of Ω m parameter with three probes: SNe Ia,
LGRBs and the Hubble parameter measurements. Technical difficulties lead us to consider the parameter α fixed instead of depending on redshift, and it turned out that α = −1/4 and α = −1/8 reproduce pretty well the current observational data.
The best fit for the magnetic component obtained from the combination of all observational data sets is Ω B = 0.562 In general, the adjustments of Ω m and h for the scenario with α = −1/4 and for the one with α = −1/8 are considerably better than the one with α = −1. In addition, although Eq. (7) sets an upper bound for the value of α in order to produce accelerated expansion, from Eq. (14) and our fits from the combination of all observational data sets for the scenario with α = −1/4 without assuming any prior on Ω m , we obtain a bound for α < 0.368. A similar bound of α < 0.385 can be calculated from the ΛCDM model.
In spite that we obtained poor constraints for the Ω m parameter from LGRBs data without assuming any prior, we should keep in mind that the use of GRBs as cosmological probes is still in debate and LGRBs data are not as reliable as SNe Ia and OHD; however they can give a general idea of the evolution and behaviour of cosmological models at high redshifts.
On the other hand, regarding LGRBs, notice from the LGRBs 0.315 value of χ 2 in Table I (α = −1) that Ω m is better adjusted than in Table III (α = −1/8). Remember that a good adjustment is such that χ 2 is closest to the number of data in the sample. The opposite occurs with SNe Ia: Ω m is better adjusted for α = −1/8 (see Table III ) than for α = −1 (Table I ) . If we relate this result with the different redshift ranges that correspond to these probes, 1.547 < z < 3.57 for LGRBs and 0.015 < z < 1.4 for SNe Ia, the difference in the adjustments might indicate that for large redshift the EoS with α = −1 models better the cosmic fluid than α = −1/4. While for near epochs, a better description is accomplished with α = −1/4. This result might point to considering the EoS parameter w(z) as redshift dependent.
Finally, although our analysis, that reduces to a perfect fluid one with a constant EoS-parameter, may overlap with some existing in the literature, e.g., with the presented in [10] , in this work we have used the most recent compilation of SNe Ia released by the SCP, unlike the referred work in which it has been used the Union compilation which only includes 307 data points. Additionally, we have considered direct Hubble parameter measurements and LGRBs data which have extended the range of redshift of study. Besides, we would like to point out that our test was done employing a MCMC method which is more refined one than a standard χ 2 minimization, thus leading more reliable results. knowledge to the anonymous referee whose suggestions lead to improve our work. 
which also can be derived from Eq. (6). So, using the expressions of ρ and p, Eq. (2), in terms of the electromagnetic Lagrangian, the scaling between the scale factor a and the electromagnetic invariant F can be determined for a Lagrangian with arbitrary dependence on the two electromagnetic invariants L(F, G) as
Now, if one restricts to the case G = 0 (i.e. no electric field E = 0), then F = 2B 2 and
whose solution, given by F a 4 =const, is independent of the particular form of L(F ). 
Knowing that La 4α =const, and using the Friedmann equations, the expression for a(t) can be determined. Let us consider the following derivative, 
Finally, integrating for a(t), it is obtained that a(t) = const(t − t 0 ) 1/2α .
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